A quantum molecular dynamics technique is presented to compute the static and dynamic properties of a system of fermions coupled to classical degrees of freedom. The method is employed to investigate the properties of the Su-Schrieffer-Heeger model, an electron-phonon model which is often used to describe the electronic properties of conjugated polymers. The Su-Schrieffer-Heeger model is shown to exhibit a metal-insulator transition away from half-filling. In the metallic phase the electron transport is collective and shows the features characteristic of Fröhlich conductivity. Our simulation data for the optical absorption at room-temperature are in good agreement with experiment.
Introduction
There is a vast class of physical systems that may, as a first step, be modelled in terms of quantum mechanical degrees of freedom interacting with a set of classical variables. Models of this kind are used to describe for example, solvated electrons [1], metallic clusters [2] , the electronic properties of polymers [3] [4] [5] , f -and d-electron systems [6] , crystallization [7, 8] , etc. Usually the classical environment itself displays complicated dynamical behavior and one often has to resort to a Molecular Dynamics or Monte Carlo simulation to unravel its properties. Methods have been developed to compute the time-independent properties of the quantum mechanical system embedded in the classical environment [1, 9, 10] . In this paper we will focus on models described by the Hamiltonian i,j ({u k }, μ) specifies the free-electron energy for a fixed lattice deformation (e.g. the hopping matrix elements (if i / = j) as well as the local potential (if i = j)), and is assumed to be a linear function of the phonon coordinates {u k }. As we will work in the grand canonical ensemble throughout, it is convenient to absorb in T Hamiltonian (1) describes the interaction of electrons and lattice deformations, and is sufficiently general to encompass all standard electron-phonon models such as the Holstein model, the Su-Schrieffer-Heeger (SSH) model, etc.. The purpose of this work is to demonstrate that for models of type (1) one can compute the dynamical properties of the quantum degrees of freedom directly with roughly the same accuracy as the time-independent quantities. A key point thereby is the absence, in (1), of terms representing electron-electron interactions.
Static properties
A straightforward application of standard Quantum Monte Carlo (QMC) methods [11] , although feasible in principle, is fraught with difficulties in particular for the applications we will discuss below (see Sect. 4). This is due to the fact that (i) for the temperature range of interest the standard QMC methods suffer from severe numerical instabilities and (ii) it is extremely difficult to compute the dynamic properties at these temperatures. Therefore we take a different route which is tailored to the situation at hand and is based on the following rigorous results.
To study the statistical mechanical properties of the model, an expression is needed for the grand-canonical partition function Z ≡ tr exp(−βH) = {u k } ρ({u k }), β denoting the inverse temperature. An upperbound to the partition function can be found by decomposing Hamiltonian (1) as H = H 1 + H 2 , where
Application of inequality [12-14]
yields for the partition function
Expression (4) directly follows from the path-integral representation of Z if one neglects the imaginary-time dependence of the phonon coordinates. Since H is a quadratic form in the fermionic degrees of freedom, the trace tr over the fermions can be performed analytically, yielding for the partition function
A lower bound to the partition function can be found using the linearity of the electron-phonon interaction. Writing Hamiltonian (1) as H = H 3 + H 4 with 
where
are the partition function and Hamiltonian of the free phonon system respectively.
Combining (5) and (8), the upper and lower bounds to the ground-state energy read
0 is the ground-state energy of the phonon system and
where SpX denotes the trace of the L × L matrix X.
In general for models of type (1), the approximation
is expected to be accurate if β is small (high temperature) or the mass M of the oscillators is large. Approximation (12) is tantamount to a semi-classical treatment of the phonon coordinates [16] . From (10) it follows that if E (p) 0 | E 0 |, treating the phonon degrees of freedom as classical variables will be a good approximation. At zero temperature, taking this limit is equivalent to making the adiabatic approximation in which the phonon coordinates are determined by minimizing the expectation value of H 2 .
Expressions for any static property of interest can be derived in a manner similar to the one used to obtain (5). Expectation values of static quantities are calculated as follows: For a particular configuration {u k } we diagonalize the L × L matrix T , compute the product of determinants in (5), and multiply the latter by the exponential prefactor, to obtain the weight of the configuration {u k }. This weight is strictly positive and can be used directly in a Metropolis Monte Carlo simulation of the variables {u k } to calculate the averages of time-independent quantities. Our algorithm samples the full phase space and is, by construction, free of minus-sign problems or numerical instabilities [11] . The latter enables us to cover a much wider range of temperatures than the one which is usually accessible to other QMC methods [17] .
